 {#psp412279-sec-1001}

Study Highlights**WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?**☑ The contribution of multiple physiological factors, which contributes to the large PK variability of vancomycin, has not been systematically characterized.**WHAT QUESTION DID THIS STUDY ADDRESS?**☑ A PBPK model could be used as a PK simulation platform to quantitatively assess the effects of changes in physiological parameters in special populations for vancomycin disposition.**WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?**☑ Simultaneous changes in covariates within a particular clinical situation may be further investigated using PBPK modeling. For example, the simulated vancomycin PK profiles in adults with a 50% decrease in cardiac output could explain clinical observations in adult patients before bypass surgery. Pediatric PBPK models implement developmental changes in renal and nonrenal elimination pathways that could predict vancomycin disposition observed in pediatric clinical studies.**HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, AND/OR THERAPEUTICS?**☑ The PBPK models can provide a justification of changes in the PK profile of patients with multiple alterations in physiological factors (e.g., renal function, hemodynamic functions, and maturation). The complementary utility of PBPK modeling with clinical confirmation in special patient populations can be used to propose suitable dosing regimens to achieve safe and effective vancomycin concentrations that will improve clinical outcome.

 {#psp412279-sec-0002}

Vancomycin is the cornerstone drug for serious infections caused by gram‐positive bacteria resistant to β‐lactam antibiotics. Vancomycin exposure--response is commonly predicted by the ratio of the area under the curve (AUC) to the minimum inhibitory concentration (MIC).[1](#psp412279-bib-0001){ref-type="ref"}, [2](#psp412279-bib-0002){ref-type="ref"} Accordingly, management of this pharmacokinetic/pharmacodynamic (PK/PD) relationship has been associated with clinical success. Vancomycin is eliminated primarily by glomerular filtration; therefore, alterations in renal function have an impact on the PKs. For example, the PK profiles of patients with impaired or immature renal functions differ from those in healthy adults.[2](#psp412279-bib-0002){ref-type="ref"}, [3](#psp412279-bib-0003){ref-type="ref"} Creatinine clearance (CCr) is often used as an informative predictor to describe the degree of renal impairment.[2](#psp412279-bib-0002){ref-type="ref"} It was reported that ∼85% of the variability in vancomycin clearance (CL) was explained by creatinine clearance in adult patients with various degrees of impaired renal function,[4](#psp412279-bib-0004){ref-type="ref"} which may vary in patients with different diagnoses and disease states. A patient\'s body weight and/or age is also used to indicate age‐dependent developmental changes in renal function.[3](#psp412279-bib-0003){ref-type="ref"}

These factors are often implemented as covariates into vancomycin population PK models. However, these models do not fully explain the variability among patients. For example, interindividual variabilities were observed in PK parameters (e.g., central volume of distribution, clearance, etc.) for adult patients, which ranged from ∼20--60% of the relative standard error; however, the variability may rely on the patient populations, model structure, and the covariates.[5](#psp412279-bib-0005){ref-type="ref"}, [6](#psp412279-bib-0006){ref-type="ref"} The remaining unexplained variability may be influenced by other patient‐specific physiological parameters. Vancomycin is administered to critically ill patients with multiple underlying diseases, such as heart failure, chronic renal disease, and cirrhosis of the liver. It is also administered postoperatively for wound infection treatment.[7](#psp412279-bib-0007){ref-type="ref"}, [8](#psp412279-bib-0008){ref-type="ref"} Thus, multiple pathology and resultant changes to normal physiology may be the reason for the unexplained PK variability among patients.

Physiologically based pharmacokinetic (PBPK) modeling and simulation has been used as one of the tools that can quantitatively address the effect of multiple physiological changes in drug disposition.[9](#psp412279-bib-0009){ref-type="ref"} In this study, a PBPK model of vancomycin was developed as a PK simulation platform, in which renal clearance was implemented as the primary elimination pathway (∼85% of the total clearance), in order to provide mechanistic insight into factors contributing to the variability in vancomycin PK among patients with different diagnoses and disease states. The developed model was evaluated by comparing the simulated PK profiles with clinically observed data. Vancomycin is used for the treatment of bacterial infections, which may include inflammation in several populations, such as heart failure and pediatric patients. It has been proposed that such conditions may alter vancomycin PK due to changes in cardiac output, tissue penetration, and serum protein concentrations; however, quantitative approaches for these patients/conditions are limited. Therefore, in this study, sensitivity analyses were conducted to assess the impact of these changes quantitatively.

METHODS {#psp412279-sec-0003}
=======

The PBPK model was initially evaluated by comparing simulation results with clinical PK observations in healthy adults (**Figure** [1](#psp412279-fig-0001){ref-type="fig"}). The evaluated PBPK model was then applied to other populations for which vancomycin PK data were available in order to identify the changes in drug disposition and elimination pathways. Consequently, sensitivity analyses were conducted to determine the impact of cardiac output, tissue penetration, and free fraction levels on the PK profiles of vancomycin.

![Schematic overview on the workflow of physiologically based pharmacokinetic (PBPK) model development and evaluation.](PSP4-7-237-g001){#psp412279-fig-0001}

PBPK model development in adults {#psp412279-sec-0004}
--------------------------------

Simcyp simulator software (Simcyp, Sheffield, UK; version 16 for pediatric simulations and version 14 for the others) was used to develop a vancomycin PBPK model. Vancomycin‐specific parameters, such as molecular weight, pKa, *in vitro* protein binding, and *in vivo* renal clearance, were combined with anatomic and physiological system data. According to the report by Johnson and Rostami‐Hodijegan,[10](#psp412279-bib-0010){ref-type="ref"} the simulator allows for specific clinical trial designs to be replicated based on age, sex, dose, number of doses, and route of administration. Details of the clinical trials simulated in this study are summarized in **Supplementary Tables S1--S4**. Virtual subjects were generated based on reported demographic information through a correlated Monte‐Carlo approach, which ensures that realistic virtual subjects are generated. For example, in the model, height is generated based on age, and weight is calculated based on height. This strategy is designed to prevent implausible subjects with unrealistic weights in relation to heights from being created. Similarly, the organ volumes within the PBPK model are correlated based on body size. The integration of drug, system, and trial data is described in the reports by Jamei *et al*.[11](#psp412279-bib-0011){ref-type="ref"}, [12](#psp412279-bib-0012){ref-type="ref"} In this study, the relevant vancomycin‐specific parameters were collected from the literature. The collected data are summarized in **Table** [1](#psp412279-tbl-0001){ref-type="table-wrap"}.[13](#psp412279-bib-0015){ref-type="ref"}, [14](#psp412279-bib-0016){ref-type="ref"}, [15](#psp412279-bib-0014){ref-type="ref"}, [17](#psp412279-bib-0013){ref-type="ref"} The vancomycin compound model was evaluated in the healthy volunteers and the general Japanese population models, before being used in renally impaired, hepatic disease (liver cirrhosis), and pediatric population models (**Figure** [1](#psp412279-fig-0001){ref-type="fig"}). These population models, which are implemented in the Simcyp simulator, take into account population‐dependent anatomic and physiological changes. In the current study, age distributions were often based on the Weibull distribution for adult population models (e.g., healthy volunteer, Japanese, renal impairment, and liver cirrhosis population models) and uniform distributions for the pediatric population model. Physiological covariates cascade down from age to organ size, including blood flow level with an interconnection between each parameter. Additional variability is added to covariates to replicate the clinical physiological data, which may be represented as a coefficient of variation value using a log normal distribution. Regarding the prediction of vancomycin distribution, simulations were conducted based on a full PBPK model. A volume of distribution at steady state was predicted according to the method published by Poulin and Theil[16](#psp412279-bib-0017){ref-type="ref"} with correction by Berezhkovskiy.[18](#psp412279-bib-0018){ref-type="ref"}

###### 

Summary of physicochemical parameters, *in vitro*, and *in vivo* data of vancomycin from the literature

  Parameter                                        Value
  ------------------------------------------------ -----------------------------------------------------------------------------------------------
  **Physicochemical parameter**                    
  Molecular weight, g/mol                          1449.254[a](#psp412279-note-0002){ref-type="fn"}
  logP                                             −3.1[a](#psp412279-note-0002){ref-type="fn"}
  pK~a~                                            2.18, 7.75, 8.89, 9.59, 10.4, 12[b](#psp412279-note-0003){ref-type="fn"}
  **Distribution**                                 
  Fraction unbound in serum                        0.45^13^
  Blood‐to‐plasma ratio                            0.55[c](#psp412279-note-0004){ref-type="fn"}
  Plasma binding protein                           Human serum albumin
  Full PBPK model                                  
  V~ss~ (Poulin and Theil^13^) L/kg                0.37
  Apparent V~ss~ after i.v. administration, L/kg   0.30 to 0.43^13^
  **Elimination**                                  
  Total clearance, L/hr/70 kg                      6.78 ± 0.95[d](#psp412279-note-0005){ref-type="fn"}, [e](#psp412279-note-0006){ref-type="fn"}
  Urine excretion ratio at 24 hours, %             84.6 ± 7.3[d](#psp412279-note-0005){ref-type="fn"}
  Renal clearance estimate, L/hr/70 kg             5.73 ± 0.94[d](#psp412279-note-0005){ref-type="fn"}, [f](#psp412279-note-0007){ref-type="fn"}
  Nonrenal clearance estimate, L/hr/70 kg          1.05 ± 0.52[d](#psp412279-note-0005){ref-type="fn"}, [g](#psp412279-note-0008){ref-type="fn"}

PBPK, physiologically based pharmacokinetic; Vss, volume of distribution at steady state.

<http://pubchem.ncbi.nlm.nih.gov/compound/14969>.

Vancomycin was treated as an ampholyte and the lowest acidic pKa = 2.18 and the highest basic pKa = 8.9 were entered.

A system default value was used as described in Zhou *et al*.[15](#psp412279-bib-0014){ref-type="ref"}

Data after intravenous single dose of vancomycin in Japanese healthy male volunteers, mean ± SD, *n* = 6 × 2 doses (0.5 and 1.0 g).[13](#psp412279-bib-0015){ref-type="ref"}

Allometrically scaled clearance with standard body weight of 70 kg, which was calculated according to Anderson and Holford.[14](#psp412279-bib-0016){ref-type="ref"}

Renal clearance was estimated using total clearance and urine excretion ratio at 24 hours.

Nonrenal clearance was estimated as a difference between total clearance and renal clearance.

Estimation of the nonrenal clearance of vancomycin {#psp412279-sec-0005}
--------------------------------------------------

Eighty‐five percent (85%) of vancomycin was excreted into urine within 24 hours after administration in adult healthy volunteers.[13](#psp412279-bib-0015){ref-type="ref"} Therefore, it was assumed that vancomycin is excreted via renal and nonrenal elimination pathways. The nonrenal clearance was estimated by subtracting the renal clearance from the total clearance (CL~non‐renal~, 1.05 L/hr/70 kg, as shown in **Table** [1](#psp412279-tbl-0001){ref-type="table-wrap"} ^13--16^). The estimated nonrenal clearance, which was assumed to be the hepatic clearance, was used to calculate the free hepatic intrinsic clearance (CLu~int,H~) with the following equations[19](#psp412279-bib-0019){ref-type="ref"}: $$CLu_{{int},H}(L/hr) = \frac{Q_{H,B}(L/hr) \times CL_{non - renal,B}(L/hr)}{fu_{B} \times (Q_{H,B}(L/hr) - CL_{non - renal,B}(L/hr))}$$where Q~H,B~ is hepatic blood flow (25.5% of cardiac output[20](#psp412279-bib-0020){ref-type="ref"}). Cardiac output in adults is provided in the population library as a system parameter. In this study, 355.64 L/hr was used as a representative value of healthy volunteers. The free fraction of vancomycin in the blood and the nonrenal blood clearance (CL~nonrenal,B~) were calculated by dividing the free fraction (fu) of vancomycin in plasma/serum and CL~nonrenal~, respectively, with the blood to plasma ratio.

The unit of CLu~int,H~ was changed to μL/min/million cells using the following scaling factors: $$CLu_{{int},H}(\mu L/\text{min}/\text{million}~\text{cells})\, = \,\frac{CLu_{{int},H}\,(L/hr) \times 10^{6}}{Liver\, weight(g)\, \times \, Hepatocellularity(million\, cells/g) \times 60}$$where liver weight and hepatocellularity are the population system parameters provided from the Simcyp population library. In this calculation, 1,736.96 g of liver weight[21](#psp412279-bib-0021){ref-type="ref"} and 126.27 million cells/g liver[22](#psp412279-bib-0022){ref-type="ref"} were used as representative values of healthy volunteers.

PBPK model evaluation using clinical pharmacokinetic data in adults {#psp412279-sec-0006}
-------------------------------------------------------------------

All simulations were carried out by using the respective reported clinical study designs with information regarding dose, administration route, study sample size, and demographics, such as age and sex. The parameters included in the simulation designs were specified to mimic the clinical studies. Parameters used for each simulation are summarized in **Supplementary Table S1** (healthy white and Japanese subjects) and **Supplementary Table S2** (healthy adults and renally impaired patients).

The evaluation of the developed PBPK models was performed by visual predictive check and by comparison of the PK parameters. In the visual predictive check, the observed systemic drug concentration--time profiles were overlaid with the simulated profiles. Clinically observed PK data were used to evaluate the developed PBPK model of vancomycin. When numerical data were not available, they were extracted from graphs in the original publications with the GetData Graph Digitizer version 2.26 (<http://getdata-graph-digitizer.com>). The predictability was assessed through a comparison of the observed and predicted maximum concentration (C~max~) and AUC values. The model evaluation using the observed vancomycin concentrations in plasma and epithelial lining fluid (ELF) reported by Lodise *et al*.[23](#psp412279-bib-0023){ref-type="ref"} was conducted based on the comparison of the predicted plasma and lung concentration profiles, respectively. The lung:plasma partition coefficient predicted by the Simcyp simulator was also evaluated by comparing the observed AUC~ELF,0--∞~/AUC~plasma,0--∞~ ratio of vancomycin. In addition, the model evaluation using the observations reported by Brown *et al*.[24](#psp412279-bib-0024){ref-type="ref"} was conducted based on the simulation with Sim‐Cirrhosis CP‐A population file. The settings of age range (20--65 years) and dosing schedule (500 mg was infused intravenously for 30 minutes every 6 hours up to 7 days) in the simulation were designed according to the reported clinical study. The proportion of females was set as the default setting in the Simcyp simulator.

Evaluation of age‐dependent developmental changes in elimination pathways of vancomycin using clinical PK data in pediatric patients {#psp412279-sec-0007}
------------------------------------------------------------------------------------------------------------------------------------

Renal and nonrenal elimination were implemented as vancomycin clearance pathways. The renal clearance is commonly explained by a filtration process due to a lack of data showing the contribution of transporters on renal excretion in humans. In addition to the developmental changes in kidney growth, the maturation of the glomerular filtration rate (GFR) was described with the following equation in the Simcyp simulator, according to the method by Rhodin *et al*.[25](#psp412279-bib-0025){ref-type="ref"}: $$\text{GFR}\,\left( \text{mL}/\text{min} \right)\, = \, 4.292 + \frac{(121 - 4.292) \times \text{Age}^{3.4}}{(\text{Age}^{3.4} + 0.148^{3.4})}\, \times \,\left( \frac{Bodyweight,kg}{70kg} \right)^{0.75}$$where age is chronological age (year) for a virtual subject. Unlike GFR, the ontogeny profile of the nonrenal elimination pathway is not available due to the lack of mechanistic information. The predicted age‐dependent clearances of vancomycin were compared with the clinically observed clearances in order to describe the ontogeny profile of nonrenal elimination. The developmental changes in the nonrenal elimination pathway were simulated for three different maturational patterns (slow, medium, and fast) that were predefined in Simcyp version 16. The fast ontogeny profile was selected for the nonrenal elimination pathway and was described by the following equation: $$\text{Fraction}\,\text{of}\,\text{adult}\, = \,\frac{(Adult_{\max} - F_{birth}) \times Age^{n}}{Age_{50}^{n} + Age^{n}} + F_{birth}$$where Adult~max~, Age~50~, n, and F~birth~ were 1, 0.02, 1, and 0, respectively. The coefficient of variation for the GFR estimates was set at 30% as a default in the Simcyp simulator version 16. The Simcyp Pediatric simulator generates additional age‐dependent anatomic and physiological parameters for virtual pediatric subjects based on the equations reported by Johnson *et al*.[20](#psp412279-bib-0020){ref-type="ref"}

All simulations with the pediatric platform, including evaluation of the ontogeny profile of the nonrenal elimination pathway, were conducted based on the trial design used in the respective clinical studies. The trial design used for each simulation is summarized in **Supplementary Table S3** (US pediatric patients) and **Supplementary Table S4** (Japanese pediatric patients).

Sensitivity analysis of cardiac output, tissue penetration, and free fraction of vancomycin in virtual subjects {#psp412279-sec-0008}
---------------------------------------------------------------------------------------------------------------

Sensitivity analyses were conducted for cardiac output to explore the potential impact on the vancomycin PK profile. The cardiac output values were changed to 25% and 50% of the default value (set at 100%) for the Northern European white population. These reductions were based on patients who experienced a shocked condition (25%)[26](#psp412279-bib-0026){ref-type="ref"} or with heart failure (50%).[27](#psp412279-bib-0027){ref-type="ref"}, [28](#psp412279-bib-0028){ref-type="ref"} In the simulation, vancomycin (15 mg/kg) was administrated by intravenous infusion for 1 hour. The trial design included 300 virtual subjects (*n* = 15 virtual subjects × *n* = 20 trials) between 41 and 73 years of age with a female proportion of 0.27 (percentage of female to total subjects was 27%). The impact of tissue penetration (e.g., peripheral volume of distribution) was considered as part of the pathophysiology of acute bacterial infections. For example, the peripheral volume of distribution for an antimicrobial drug, daptomycin, was approximately twofold larger in subjects with acute bacterial infections compared with the uninfected subjects.[29](#psp412279-bib-0029){ref-type="ref"} Therefore, the impact of tissue penetration may vary due to an increase in vascular permeability and/or the collection of extracellular fluid at the site of infection. The sensitivity analysis was used to examine the tissue penetration of vancomycin and was conducted by changing the default Kp scalar, which is a compound‐specific parameter used to predict the tissue: plasma partition coefficient. The Kp scaler described in **Table** [1](#psp412279-tbl-0001){ref-type="table-wrap"} was increased by 1.3‐fold and 1.6‐fold. The dosing regimens of vancomycin for two age groups (i.e., 2.6 days old and 3 years 11 months old) are summarized in **Supplementary Table S3**. The trial design included 300 virtual subjects (*n* = 5 virtual subjects × *n* = 60 trials) between 2.55 and 2.64 days of age (target postnatal age of virtual subjects was 2.6 days) and between 3.833 and 3.912 years of age (target postnatal age of virtual subjects was 3 years 11 months). The proportion of females was set as the default setting in the Simcyp simulator.

Next, the sensitivity analyses were conducted for the free fraction level of vancomycin to assess its effects on the AUC of total and free vancomycin. The binding of vancomycin to plasma/serum protein has been reported to range from 10--50%.[30](#psp412279-bib-0030){ref-type="ref"} The PBPK simulations with the fixed free fraction of vancomycin were initially conducted to evaluate the predictability of a correlation between ratio of total and free AUC to MIC (AUC/MIC) vs. total trough concentration in pediatric patients. The predicted correlation was compared to the clinically observed correlation reported by De Cock *et al*.[31](#psp412279-bib-0031){ref-type="ref"} The free fraction of vancomycin was fixed at 0.715, as reported.[31](#psp412279-bib-0031){ref-type="ref"} In this simulation, vancomycin (15 mg/kg) was administered intravenously over 1 hour four times a day for 7 days to virtual pediatric subjects. The total and free AUC/MIC were calculated according to the method described by De Cock *et al*.[31](#psp412279-bib-0031){ref-type="ref"} The trial design included 1,000 virtual pediatric subjects (*n* = 10 virtual subjects × *n* = 100 trials) between 0.033 and 15 years of age. The proportion of females was set at the default setting in the Simcyp simulator. The sensitivity analysis was conducted by changing the free fraction level from 0.45 to 0.75 using 100 virtual pediatric subjects (*n* = 10 virtual subjects × *n* = 10 trials) based on the simulation conditions previously described above (i.e., dosing regimen, age range, and female ratio).

RESULTS {#psp412279-sec-0009}
=======

Development of vancomycin PBPK model {#psp412279-sec-0010}
------------------------------------

An initial PBPK model was developed using vancomycin‐specific physicochemical parameters, as summarized in **Table** [1](#psp412279-tbl-0001){ref-type="table-wrap"}. The volume of distribution at steady state (V~ss~) for vancomycin was estimated to be 0.37 L/kg, which was comparable to the clinical observations (0.30--0.43 L/kg) in adults.[13](#psp412279-bib-0015){ref-type="ref"} Because a high urinary excretion ratio indicates that vancomycin is predominantly eliminated unchanged in the urine, a nonrenal elimination pathway was incorporated into the vancomycin model to explain the remaining minor clearance route. This residual clearance was described as the biliary clearance in the model based on the large molecular weight of vancomycin and the findings reported by Currie and Lemos‐Filho.[32](#psp412279-bib-0032){ref-type="ref"} The CLu~int,H~ was estimated to be 0.18 μL/min/million cells through the back‐calculation from the *in vivo* nonrenal clearance.

The developed vancomycin compound file was evaluated using clinical PK data reported in six different clinical studies in healthy adult white and Japanese subjects. The simulation results of the vancomycin concentration‐time profiles are shown in **Figure** [2](#psp412279-fig-0002){ref-type="fig"} **a--g** [13](#psp412279-bib-0015){ref-type="ref"}, [23](#psp412279-bib-0023){ref-type="ref"}, [33](#psp412279-bib-0033){ref-type="ref"}, [34](#psp412279-bib-0034){ref-type="ref"} with the observed data (individual observations in **Figure** [2](#psp412279-fig-0002){ref-type="fig"} **a,b,c,g**; mean observational data in **Figure** [2](#psp412279-fig-0002){ref-type="fig"} **d--f**). The observed data were predominantly within the 5th to 95th percentile range of the simulations. The ratios of predicted to observed C~max~ and AUC ranged from 0.79--1.23 (**Supplementary Table S5**). The mean ratio values for C~max~ and AUC were 0.96 and 1.08, respectively. The concentrations of vancomycin in the lungs were also simulated (inserted figure within **Figure** [2](#psp412279-fig-0002){ref-type="fig"} **g**). The partition coefficient of vancomycin between the lung and plasma was estimated to be 0.62. The predicted values were similar to the clinical observations indicating that the AUC~ELF,0--∞~/AUC~plasma,0--∞~ ratio of vancomycin was 0.41 ± 0.17 (mean ± SD, *n* = 9 excluding one outlier[23](#psp412279-bib-0023){ref-type="ref"}), in which the AUC ratio was used as the partition coefficient of vancomycin in the lungs.

![Observed and simulated system concentration‐time profiles of vancomycin in healthy volunteers through physiologically based pharmacokintic (PBPK) modeling. Open circles represent the observed data from reported clinical studies: (**a--c**) Nakashima *et al*.[13](#psp412279-bib-0015){ref-type="ref"} (1992); (**d and e**) Boeckh *et al*.[33](#psp412279-bib-0033){ref-type="ref"} (1988); (**f**) Healy *et al*.[34](#psp412279-bib-0034){ref-type="ref"} (1987); and (**g**) Lodise *et al*.[23](#psp412279-bib-0023){ref-type="ref"} (2011). Solid and dashed lines represent the mean and 5th/95th percentiles of the simulation the simulation results, respectively. In **g**, the small figure located on the right side shows lung concentration‐time profiles of vancomycin. Parameter settings used for each simulation are summarized in **Supplementary Table S1**.](PSP4-7-237-g002){#psp412279-fig-0002}

Model evaluation with renal impairment and liver cirrhosis system models {#psp412279-sec-0011}
------------------------------------------------------------------------

Evaluation of a base PBPK model was conducted using PK observations in healthy Japanese volunteers and patients to assess an applicability of the input data for renal elimination. The PK profile of clinical data obtained from healthy Japanese volunteers were compared to the PK profiles simulated by using healthy white system data (**Figure** [3](#psp412279-fig-0003){ref-type="fig"} **a** [35](#psp412279-bib-0035){ref-type="ref"}) and general Japanese system data (**Figure** [3](#psp412279-fig-0003){ref-type="fig"} **b** [35](#psp412279-bib-0035){ref-type="ref"}), in which system data indicates population‐specific anatomic and physiological parameters. The two levels of creatinine clearance (CCr) for evaluation of renal impairment were mild to moderate with CCr ≥30 to \<70 mL/min (**Figure** [3](#psp412279-fig-0003){ref-type="fig"} **c** [35](#psp412279-bib-0035){ref-type="ref"}) and severe with CCr ≥15 to \<30 mL/min (**Figure** [3](#psp412279-fig-0003){ref-type="fig"} **d** [35](#psp412279-bib-0035){ref-type="ref"}). Each classification was determined in accordance to US Food and Drug Administration guidelines.[36](#psp412279-bib-0036){ref-type="ref"} The ratios of predicted to observed C~max~ and AUC~∞~ ranged from 0.62--0.94 in healthy adults, and 0.73--1.36 in patients with renal impairment (**Supplementary Table S6**). The mean ratio values for C~max~ and AUC were 1.05 each in the patients with renal impairment. The PK profiles of vancomycin were also simulated using the liver cirrhosis population model (Child‐Pugh scores for mild level of cirrhosis, score level A; CP‐A), which is implemented in the Simcyp software. The clinical observations in patients with abnormal liver functions were predominantly within the 5th to 95th percentiles of these simulations (**Figure** [3](#psp412279-fig-0003){ref-type="fig"} **e** [24](#psp412279-bib-0024){ref-type="ref"}).

![Observed and simulated system concentration‐time profiles of vancomycin in healthy volunteers, patients with renal impairment, and patients with abnormal liver functions through physiologically based pharmacokintic (PBPK) modeling. Open circles represent the observed data from reported clinical studies: (**a--d**) Takenaka *et al*.[35](#psp412279-bib-0035){ref-type="ref"} (1993); (**e**) Brown *et al*.[24](#psp412279-bib-0024){ref-type="ref"} (1983). Solid and dashed lines represent the mean and 5th/95th percentiles of the simulation results, respectively. Simulations were conducted with: (**a**) Sim‐Healthy Volunteer; (**b**) Sim‐Japanese; (**c**) Sim‐RenalGFR_30‐60; (**d**) Sim‐RenalGFR_less_30; (**e**) Sim‐CirrhosisCP‐A population files implemented in the system. Parameter settings used for each simulation are summarized in the Methods Section and **Supplementary Table S2**. CCr, creatinine clearance.](PSP4-7-237-g003){#psp412279-fig-0003}

Pediatric PBPK model including developmental changes in the nonrenal elimination pathway {#psp412279-sec-0012}
----------------------------------------------------------------------------------------

In this study, renal and nonrenal elimination pathways were incorporated into the vancomycin model. Maturational change in GFR, which was reported by Rhodin *et al*.[25](#psp412279-bib-0025){ref-type="ref"} was used; however, the nonrenal elimination pathway was unknown. Consequently, the age‐dependent developmental changes in the nonrenal elimination pathway of vancomycin were examined by comparing the reported relationship between postconceptional age and total CL. The fast maturational pattern, which was predefined in the Simcyp software, reasonably captured the observed data of vancomycin CL in the pediatric population when compared to the slow and medium settings. The developed base model combined with the pediatric system platform was evaluated using data reported from two different clinical PK studies conducted in US and Japanese pediatric patients. The simulation results of the vancomycin concentration‐time profiles after a single dose are shown in **Figure** [4](#psp412279-fig-0004){ref-type="fig"} **a--f** [37](#psp412279-bib-0037){ref-type="ref"}, [38](#psp412279-bib-0038){ref-type="ref"} with the mean observed data for pediatric patients who ranged from 2.6 days to 7.6 years (7 years 7 months) of age.[37](#psp412279-bib-0037){ref-type="ref"} The simulations reasonably traced vancomycin concentration‐time profiles observed in US pediatric patients. The ratio of predicted to observed PK data ranged from 0.85--1.69 for C~max~ and 0.54--1.52 for AUC (**Supplementary Table S7**). The mean ratio values for C~max~ and AUC were 1.16 and 1.09, respectively.

![Observed and simulated system concentration‐time profiles of vancomycin in US and Japanese pediatric patients through physiologically based pharmacokintic (PBPK) modeling. Solid and dashed lines represent the mean and 5th/95th percentiles of the simulation results, respectively. **I** (**a--f**) Open circles represent the observed mean data from reported clinical studies.[37](#psp412279-bib-0037){ref-type="ref"} Parameter settings used for each simulation in this study are summarized in **Supplementary Table S3**. **II** (**g and h**) Closed circles represent the observed individual data from reported clinical studies.[38](#psp412279-bib-0038){ref-type="ref"} Parameter settings used for each simulation are summarized in **Supplementary Table S4**.](PSP4-7-237-g004){#psp412279-fig-0004}

The simulation results of the vancomycin concentration‐time profiles after multiple dosing are shown in **Figure** [4](#psp412279-fig-0004){ref-type="fig"} **g,h** for two individual Japanese pediatric patients aged 1 year and 2.8 years (2 years 9 months), respectively.[38](#psp412279-bib-0038){ref-type="ref"} The predicted C~max~ and AUC were within a twofold range of the observed data for each individual patient (**Supplementary Table S8**). The mean ratio values for C~max~ and AUC were 1.10 and 1.01, respectively. The age‐dependent predictability of C~max~ and AUC was determined by combining data from the US and Japanese pediatric patients (**Figure** [5](#psp412279-fig-0005){ref-type="fig"}, [37](#psp412279-bib-0037){ref-type="ref"}, [38](#psp412279-bib-0038){ref-type="ref"}). A clear relationship between age and predictability was not observed.

![Comparison between vancomycin predicted and observed values for the ratio of the maximum concentration (C~max~) (**a**) and the area under the plasma concentration time curve (AUC) (**b**) in each age group. Regarding observed pharmacokinetic (PK) parameters, PK data after single administration in US patients (*N* = 4--12, open circles)[37](#psp412279-bib-0037){ref-type="ref"} and multiple administration in individual Japanese patients (closed circles)[38](#psp412279-bib-0038){ref-type="ref"} were used to calculate the ratio.](PSP4-7-237-g005){#psp412279-fig-0005}

The impact of cardiac output and tissue‐plasma partition coefficient on vancomycin pharmacokinetics in virtual subjects {#psp412279-sec-0013}
-----------------------------------------------------------------------------------------------------------------------

The impact of cardiac output on vancomycin PK was also assessed in adults. The cardiac output was changed to 25% and 50% of the default value (set at 100%). Vancomycin concentration‐time profiles were changed depending on a decrease in cardiac output, although corresponding changes in AUC were negligible (**Figure** [6](#psp412279-fig-0006){ref-type="fig"} **a** ^8^). Simulation of vancomycin PK profiles, with 50% decrease in cardiac output, was comparable to clinical observations in patients before bypass surgery. A 50% decrease in cardiac output resulted in a 19% increase in C~max~ (just after the end of infusion), but changes in concentrations at 2 hours and 12 hours after starting the infusion were \<10%.

![Impact of changes in (**a**) cardiac output; (**b**) tissue penetration; (**c**) free fraction of vancomycin on predicted system concentration‐time profiles in virtual subjects. **a** Cardiac output was changed from 100% (blue line) to 50% (green line) to 25% (red line) of the default value (set at 100%) for the Northern European white population and the simulation was conducted with modified values, as described in the Methods section. Open circles with a bar represents the mean ± SD of vancomycin concentrations up to 2 hours (left) and 24 hours (right) after starting infusion observed in patients before artery bypass surgery.[8](#psp412279-bib-0008){ref-type="ref"} **b** Tissue penetration of vancomycin was modified by changing a Kp scalar, which is a scalar applied to all predicted tissue: plasma partition coefficient. The Kp scalar was increased to 1.3‐fold (green line) and 1.6‐fold (red line) compared to the original setting estimated in this study (blue line, **Table 1**), and the simulation was conducted with modified values, as described in the Methods section. Open circles with bars represent the mean ± SD of vancomycin concentrations observed in pediatric patients aged 2.6 days old and 4.3 months old.[37](#psp412279-bib-0037){ref-type="ref"} **c** Ratio of total and free area under the curve (AUC) to minimum inhibitory concentration (MIC) was predicted using the physiologically based pharmacokinetic (PBPK) model of vancomycin. Total and free AUC/MIC are represented by blue and red symbol, respectively. Left: The free fraction of vancomycin was fixed as reported by De Cock *et al*.[31](#psp412279-bib-0031){ref-type="ref"} The PBPK model‐predicted values (open circles) were overlaid with the clinical data reported by De Cock *et al*.[31](#psp412279-bib-0031){ref-type="ref"} (closed circles). Right: The free fraction of vancomycin was changed from 0.45 to 0.75.](PSP4-7-237-g006){#psp412279-fig-0006}

In addition, the effect of tissue penetration of vancomycin was examined by modifying the Kp scalar (1.3 to 1.6‐fold increases in Kp scalar; **Figure** [6](#psp412279-fig-0006){ref-type="fig"} **b** [37](#psp412279-bib-0037){ref-type="ref"}). An increase in the Kp scalar resulted in a decrease in vancomycin concentration in the distribution phase. The increase in the Kp scalar improved the fitting of the distribution phase observed in US pediatric patients at postnatal days 2.6 of age and 3 years 11 months of age.[37](#psp412279-bib-0037){ref-type="ref"}

A correlation between total and free AUC/MIC levels vs. total trough concentrations predicted by the PBPK model of vancomycin captured the clinical observations, in which the free fraction of vancomycin was fixed at the value reported in the clinical study[31](#psp412279-bib-0031){ref-type="ref"} (**Figure** [6](#psp412279-fig-0006){ref-type="fig"} **c, left**). The predicted free AUC/MIC level was more sensitive to changes in free fraction levels when compared to the total AUC/MIC (**Figure** [6](#psp412279-fig-0006){ref-type="fig"} **c, right**).

DISCUSSION {#psp412279-sec-0014}
==========

In this study, a vancomycin PBPK model was developed to systematically assess the impact of changes in multiple physiological parameters on vancomycin PK profiles. The model was developed and evaluated using clinical PK observations from healthy volunteers, patients with organ dysfunction, and pediatric patients. The renal clearance, which assumed a filtration process that was calculated by GFR and free fraction, was implemented as the primary elimination pathway in the current vancomycin PBPK model. The contribution of GFR in virtual Japanese subjects was assessed by using predicted vancomycin CL after a single intravenous dose of vancomycin (0.5 g) during the model development process. The PBPK simulation demonstrated that 91% of the variability in vancomycin CL was explained by GFR. Sequentially, sensitivity analyses were conducted to explore potential contributing factors to altered vancomycin PBPK disposition within a particular clinical situation. Based on the PK predictions generated by the model, GFR affects the clearance of vancomycin in patients with renal impairment and in pediatric patients with maturational change in elimination pathways. Sensitivity analyses indicated that changes in the cardiac output and tissue penetration of vancomycin may affect the distribution of vancomycin. In general, the predictability of the PK profile in special patient populations relies on system knowledge (i.e., population characteristics in terms of anatomic and physiological parameters). Therefore, PBPK models that used patient‐specific changes in physiologies could elucidate case‐based clinical PK observations.

After intravenous administration, vancomycin is distributed to several tissues (i.e., lungs, brain, heart, bone, fat, etc.) via passive diffusion.[23](#psp412279-bib-0023){ref-type="ref"}, [30](#psp412279-bib-0030){ref-type="ref"}, [39](#psp412279-bib-0039){ref-type="ref"} In the current study, the lung:plasma partition coefficient of vancomycin was predicted to be 0.62 at steady state. The total AUC~ELF,0--∞~/AUC~plasma,0--∞~ ratio was reported to be 0.41 ± 0.17 (mean ± SD, *n* = 9 excluding one outlier) after multiple dosing in healthy volunteers.[23](#psp412279-bib-0023){ref-type="ref"} Cruciani *et al*.[40](#psp412279-bib-0040){ref-type="ref"} reported that the mean penetration of total vancomycin into the lungs ranged from 0.24--0.41 at several time points in elderly patients with lung carcinoma, relapsing pneumothorax, or tubercular abscess. Although large variability was observed, the penetration level in elderly patients indicates a lower trend compared with healthy volunteers. As observed in plasma/serum, the age and disease state of the patients may affect the free fraction of vancomycin in the lungs. The next challenge would be to assess the differences in lung penetration of vancomycin due to age and/or disease with consideration for free fraction of vancomycin in the lungs.

In the brain, the plasma partition coefficient of vancomycin was predicted to be 0.61. The concentration in cerebrospinal fluid (CSF) is considered to be the same as the free fraction in the brain; therefore, CSF penetration was predicted to be 0.14. The value was predicted using *in vitro* f~u,brain~ = 0.23 from f~u,serum~ = 0.45 according to the relationship between *in vitro* log f~u,brain~ and log f~u,plasma~,[41](#psp412279-bib-0041){ref-type="ref"} in which free fraction in serum is assumed to be the same as in plasma. Although the observed data were highly variable,[30](#psp412279-bib-0030){ref-type="ref"} the predicted value was comparable to the observed data (0--0.18) for the patients with uninflamed meninges. A study by Djukic *et al*.[42](#psp412279-bib-0042){ref-type="ref"} suggests that there was a significant positive relationship between the lipid‐water partition coefficient at pH = 7.0 (i.e., log D) and the ratio of AUC~CSF~ to AUC~serum~ for 27 drugs, which included vancomycin in patients with inflamed meninges.[42](#psp412279-bib-0042){ref-type="ref"} According to that study,[42](#psp412279-bib-0042){ref-type="ref"} the predicted ratio of AUC~CSF~ to AUC~serum~ for vancomycin ranged from 0.03--0.1. These findings are similar to the current PBPK simulated data; therefore, the current prediction, which is based on the physicochemical property of the drug, could be used as an alternative method to predict the penetration of vancomycin into the CSF. In addition to the lungs and brain, further evaluation is needed to assess the penetration of vancomycin in each tissue compartment in order to gain a better understanding of the target concentrations through PBPK simulation.

Vancomycin is predominantly eliminated through the renal filtration process. Similar to the clinical observations in renally impaired patients, the predicted AUC of vancomycin increased with a decrease in CCr.[35](#psp412279-bib-0035){ref-type="ref"} This confirms that renal function has an important impact on vancomycin exposure. Hepatic elimination seems to have a limited contribution to the PK of vancomycin due to a lack of metabolic data. Nevertheless, Brown *et al*.[24](#psp412279-bib-0024){ref-type="ref"} (1983) reported that vancomycin PK in patients with abnormal liver functions was significantly different from that in patients with normal liver function. In their report, geometric means of CCr and albumin concentrations in patients with abnormal liver functions (*n* = 9) showed 30% and 10% decreases, respectively, when compared to patients with normal liver function (*n* = 6). Similar decreases in CCr and albumin concentrations were found in the liver cirrhosis system model (Child‐Pugh scores for mild level of cirrhosis, score level A; CP‐A). The CP‐A model is designed to show a 30% decrease in GFR and 10% decrease in albumin concentration compared with normal subjects, due to hepato‐renal syndrome observed in cirrhosis.[43](#psp412279-bib-0043){ref-type="ref"} Interestingly, these physiological changes theoretically have an opposite effect on drug clearance. A decrease in GFR results in a decrease in the clearance. On the other hand, a decrease in albumin concentration results in an increase in clearance through an increase in free fraction of the drug. In this study, simulation with the CP‐A system model was well‐predicted for the PK profile of vancomycin in patients with abnormal liver function who showed an increase in vancomycin trough concentration.[24](#psp412279-bib-0024){ref-type="ref"} Therefore, multiple physiological changes that are due to liver dysfunction showed a potential to influence the distribution and elimination of vancomycin. The results also showed the trend that the central tendency of elimination rate in the virtual CP‐A population is slightly higher than that in the observations. This is probably due to a difference in data distribution between the virtual generated population and the clinical population consisting of nine patients, which hampers the capturing of the normal distribution. From these observations, understanding such patient‐oriented physiological data improves the PBPK model and helps to elucidate the underlying mechanisms influencing the PK profile. In addition to the patient physiological data, disease progression should be considered when assessing the PK of vancomycin. For example, the progression of liver cirrhosis (i.e., CP‐A, CP‐B, and CP‐C) may influence the degree of changes in physiological factors, such as GFR, serum albumin concentration, and cardiac output.[43](#psp412279-bib-0043){ref-type="ref"} The PBPK modeling and simulations would be beneficial for such patients having simultaneous physiological changes.

The contribution of other pathways was assumed to describe ∼10% of the total clearance. Due to the paucity of data related to the mechanism of nonrenal elimination, the developmental changes were explored for the pediatric population. The fast ontogeny profile was chosen to describe a developmental change in nonrenal elimination of vancomycin. An age‐dependent change in renal elimination function, indicated by GFR, has been well‐established in neonates and infants.[25](#psp412279-bib-0025){ref-type="ref"} Predicted PK parameters (C~max~ and AUC) were within a twofold range of the observed data in the US pediatric patients, but the current simulations slightly over‐predicted the distribution phase in the two patients who were evaluated. A study by Pennington *et al*.[44](#psp412279-bib-0044){ref-type="ref"} has shown that an abnormal increase in body temperature due to inflammation might affect the PK of antibiotics. The data showed that etiocholanolone‐stimulated fever reduces gentamicin serum concentration without changes in half‐life and renal clearance, which indicates an enhancement of tissue penetration for antibiotics. The clinical PK observations in the US patients, which were used in this study, indicated that some patients may have had a fever during treatment.[37](#psp412279-bib-0037){ref-type="ref"} The current study showed 1.3‐fold to 1.6‐fold increases in tissue‐plasma partition coefficient resulting in a reasonable match with the C~max~ of vancomycin observed in the 2.6 day old and 3 years 11 month old patients. The estimated increase of 1.3‐fold to 1.6‐fold in tissue penetration of vancomycin is similar to the 1.6‐fold increase in vancomycin ELF: plasma ratio between patients with high and low albumin concentration in ELF, where inflammation conditions may be linked to these modifications.[45](#psp412279-bib-0045){ref-type="ref"} Inflammation may also contribute to the distribution and clearance of vancomycin. For example, the renal clearance of vancomycin was enhanced in rats with carcinogen‐induced osteosarcoma, in which the plasma concentrations of interleukin‐1β and interleukin‐6 were elevated[46](#psp412279-bib-0046){ref-type="ref"}; however, human data are unavailable. From these results, the unstable nature of common occurrences, such as infection‐induced fever, may influence the PK profile of vancomycin, which may correlate with the efficacy of vancomycin.[1](#psp412279-bib-0001){ref-type="ref"}

The advantage of PBPK modeling is that "what‐if" scenarios can be used to explore the most likely cause of altered disposition in a specific patient population. In this study, the sensitivity analysis was conducted focusing on changes in cardiac output in order to consider the vancomycin PK profile in patients with heart failure. The simulations of the vancomycin PK profiles with 50% decrease in cardiac output compared to a normal subject showed similar results compared with clinical observations in patients before bypass surgery.[8](#psp412279-bib-0008){ref-type="ref"} This reduction in cardiac output seems to be reasonable because the quantified fractional reduction in renal blood flow was reported at 78%, 55%, and 63% of normal blood flow in mild, moderate, and severe chronic heart failure patients, respectively.[27](#psp412279-bib-0027){ref-type="ref"}, [28](#psp412279-bib-0028){ref-type="ref"} In the Simcyp software, the renal blood flow is set at 17--19% of cardiac output. The PBPK simulations for vancomycin concentration‐time profiles varied between subjects with and without heart failure. A decrease in cardiac output resulted in an increase in C~max~ of vancomycin, but changes in the AUC~0--∞~ were negligible in virtual adults with normal renal function. In addition, the changes in concentrations at 2 and 12 hours after starting infusion were \<10% in virtual adults. These concentrations are often used as peak (at 1 hour after the end of infusion) and trough concentrations (predose) in clinical settings. From the predicted changes in these concentrations simulated by the PBPK model, a Bayesian estimator, using only these two measurements, may seem difficult to reproduce PK profiles of vancomycin in patients with cardiac failure. Another consideration is that patients with heart failure often have renal dysfunction. The simulation using the developed model demonstrated that peak and trough concentrations of vancomycin increased due to reductions in both cardiac output and renal function (**Supplementary Figure S1**). These predictions should be examined in patients with advanced cardiac disease due to the impact of changes in renal function and cardiac output. Further evaluation using clinical observations in patients with cardiac failure is needed to understand the disease‐dependent and condition‐dependent effects on PK profiles.

The unbound concentration of vancomycin is pharmacologically active and influenced by the free fraction level of vancomycin, which shows large variability among patients.[31](#psp412279-bib-0031){ref-type="ref"}, [47](#psp412279-bib-0047){ref-type="ref"} A potential cause of the variability is changes in binding protein levels due to the disease and age of patients. The concentration of albumin, to which vancomycin predominantly binds, was influenced by inflammation and renal disease.[48](#psp412279-bib-0048){ref-type="ref"}, [49](#psp412279-bib-0049){ref-type="ref"}, [50](#psp412279-bib-0050){ref-type="ref"} In addition, the age‐dependent increase in albumin level was observed in the pediatric population.[20](#psp412279-bib-0020){ref-type="ref"} Therefore, the free fraction of vancomycin in pediatric patients with inflammation may vary depending on the relative contribution of albumin to the total proteins bound to vancomycin. In this study, the clearance of vancomycin was assumed to be the sum of renal clearance based on glomerular filtration (as a renal elimination pathway) and hepatic biliary excretion clearance (as a nonrenal elimination pathway), which were calculated based on free vancomycin. Therefore, the predicted free AUC/MIC values were sensitive to changes in the free fraction of vancomycin in the virtual pediatric population. The alteration in free AUC/MIC due to disease and age may affect the PDs of vancomycin.

A limitation of the current study is the lack of information in humans regarding the role of transporters in vancomycin renal clearance. The overall renal CL of vancomycin is ∼5.73 L/hr/70 kg. The calculated fu\*GFR estimates a CL of 3.38 L/hr/70 kg due to filtration; therefore, there is a potential of active tubular secretion for vancomycin. Shimada *et al*.[46](#psp412279-bib-0046){ref-type="ref"} reported that the potential contribution of tubular secretion/re‐absorption to vancomycin renal transport was influenced by cytokine levels due to osteosarcoma in rats. The article also indicated that the renal clearance of vancomycin was inhibited by cimetidine, which is a substrate for the organic cation transporters in control rats.[46](#psp412279-bib-0046){ref-type="ref"} However, as previously mentioned, there are a lack of data showing the contribution of transporters on renal excretion in humans when compared with animals. Therefore, further investigations regarding the contribution of renal transporters on vancomycin CL would improve the current PBPK model and increase our understanding about vancomycin renal elimination pathways.

In summary, a PBPK model simulated the altered PK profiles of vancomycin caused by multiple physiological factors, which included age and organ dysfunction in the renal, hepatic, and cardiovascular systems. The simulations from the developed platform demonstrated: (1) the potential impact of changes in cardiac output on vancomycin distribution (sensitive to peak concentration of vancomycin); (2) potential variability in the volume of distribution due to inflammation; and (3) impact of changes in free fraction level of vancomycin on free AUC/MIC. The next step in this process is to assess the current findings from the PBPK models and simulations using a wide variety of vancomycin PK data, which will be obtained from several hospitals, with a special consideration given to disease progression. The clinical confirmation will enhance the findings from the current PBPK simulations. These findings from patient‐oriented predictions using PBPK modeling will facilitate an understanding of the underlying mechanisms in inter‐patient variability. It will also support the optimization of vancomycin dosing regimens in a wide range of pediatric and adult patient populations with various disease states such as patients with heart failure having renal dysfunction and pediatric populations undergoing renal maturation.
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###### 

**Figure S1.** Impact of changes in cardiac output and renal function on vancomycin PK profiles in virtual adult subjects.

The cardiac output values were changed to 50% of the default value (set at 100%) in the Sim‐North European Caucasian and the Sim_Renal GFR 30‐60 population models (SimCYP simulator, version 16). In the simulation, vancomycin (15 mg/kg) was administrated by intravenous infusion for 1 hour. Doses were given twice a day (q12h) for virtual Caucasian (blue, 100% cardiac output; green, 50% cardiac output) and once a day (q24h) for virtual subject with renal impairment (red). The trial design included 300 virtual subjects (n=15 virtual subjects × n=20 trials) between 41‐73 years of age with a female proportion of 0.27 (percentage of female to total subjects was 27%). The solid and dashed lines indicate the mean and 5th‐95th percentiles of the simulations by PBPK modeling, respectively. The open circles with bars represent the mean ± S.D. of observed vancomycin concentrations (up to 2.5 hours after starting infusion, left) in patients before artery bypass surgery^1^.

**Reference:**

1\. Kitzes‐Cohen R, Farin D, Piva G, Ivry S, Sharony R, Amar R, *et al*. Pharmacokinetics of vancomycin administered as prophylaxis before cardiac surgery. *Therapeutic drug monitoring* 2000, **22**(6): 661--667.

###### 

Click here for additional data file.

###### 

Supplemental Tables

###### 

Click here for additional data file.

###### 

Supplemental Data

###### 

Click here for additional data file.
